RAPD, RFLP, nuclear SSLP and chloroplast SSLP analyses were carried out to clarify the phylogenetic relationships among A-genome species of rice. In total, 12 cultivars of Oryza sativa (4 Japonica, 3 Javanica and 5 Indica), 
INTRODUCTION
The genus Oryza consists of two cultivated species and about 20 wild species (Tateoka, 1963) . Most of them have already been shown to have A, B, C, BC, CD, E or F genome. The A-genome species of rice include two cultivated species and five wild species. The cultivated species are O. sativa with three types (Japonica, Javanica and Indica) and O. glaberrima. Wild species include O. rufipogon, O. glumaepatula, O. longistaminata, O. meridionalis and O. barthii (Vaughan, 1989) .
The use of molecular markers in taxonomy and evolutionary studies enhances the ability to make inferences about phylogeny and provides vital information about possible genetic mechanisms for observed evolutionary patterns. The domestication process of O. sativa has been proposed to be either monophyletic (Oka and Chang, 1962) or diphyletic (Second, 1982) . The endonuclease analysis of chloroplast DNA by Ishii et al. (1988) strongly suggested diphyletic domestication since the two major chloroplast genome types found in O. sativa are likely to have originated independently from the corresponding types in O. rufipogon. Wang et al. (1992) investigated the phylogenetic relationships based on RFLP analysis of nuclear DNA. They concluded that cultivated rice, O. sativa and O. glaberrima, originated from the wild species O. rufipogon and O. barthii, respectively. They further suggested that domestication of O. sativa from O. rufipogon was not a monophyletic event, or rather, Japonica (including Javanica) and Indica types were separately domesticated from different gene pools of O. rufipogon. In addition, Ishii et al. (1996) studied the phylogenetic relationships among A-genome species using RAPD analysis and confirmed the previous findings that the probable ancestors of O. sativa and O. glaberrima are O. rufipogon and O. barthii, respectively. Recently, microsatellites or simple sequence length polymorphism (SSLP) markers for nuclear and chloroplast genomes have been developed in rice (Wu and Tanksley, 1993; Chen et al., 1997; Temnykh et al., 2000; Ishii and McCouch, 2000) . These are now being used as powerful tools in variety and genotype identification, diversity studies, and marker-assisted breeding for crop improvement (Yang et al., 1994; Blair and McCouch, 1997; Olufowote et al., 1997) .
In this report, the levels of polymorphism for RAPD, DNA extraction. Total DNA was extracted from young leaves using the potassium acetate method (Dellaporta et al., 1983) . The relative purity and concentration of extracted DNA was estimated with a known concentration marker using mini gel electrophoresis (Sambrook et al., 1989) . Table 3 . Rice nuclear (A) and chloroplast microsatellites (B) examined in this study Nuclear microsatellites were identified by Panaud et al. (1996) and Chen et al. (1997) . Chloroplast microsatellite information was from Ishii and McCouch (2000) . RAPD analysis. PCR amplification was carried out in a 25 µl reaction mixture, containing 10 ng of template DNA, 0.2 µM primer, 100 µM of each dNTP, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 , 0.1% Triton X-100, 0.2 unit of Taq DNA polymerase (TOYOBO, Japan). Sixteen 10-mer primers were used in the study (Table 2A ). The amplification reaction was performed in a BioOven III (BioTherm Corp., USA) which was set for 45 cycles at 93°C for 1 min, 34°C for 2 min, and 72°C for 2 min, and one final cycle at 72°C for 4 min. Reaction products were electrophoresed in 1.6% agarose gels at 120 V for 1-1.5 hr, stained with ethidium bromide and photographed under UV light.
RFLP analysis. Five-microgram DNA samples digested with HindIII were electrophoresed in 1.0% agarose gels and transferred to HybondN+ nylon membranes (Amersham Pharmacia, UK). Two or three RFLP markers were selected from each of the linkage groups corresponding to the 12 chromosomes of rice (Causse et al., 1994) , and a total of 28 RFLP probes provided by Dr. S. R. McCouch, Cornell University, were used for Southern hybridization (Table 2B ). Probe labeling, hybridization, and detection were carried out using the ECL direct nucleic acid labeling and detection system (Amersham Pharmacia, UK) following the manufacturer's instructions.
SSLP analysis.
A total of 24 nuclear microsatellite markers, two from each of the 12 chromosomes of rice , were examined. In addition, ten chloroplast microsatellites, each containing more than ten mononucleotide repeats per locus, were analyzed . Information on these nuclear and chloroplast microsatellites is listed in Table 3 . In order to detect SSLP, PCR was performed in 50 µl reactions containing 100 ng of template DNA, 0.2 µM of each primer, 200 µM of each dNTP, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton X-100 and 1 unit of Taq DNA polymerase (TOYOBO, Japan). Amplification was carried out in a PTC100 96U thermocycler (MJ Research, USA) as follows: 5 min at 94°C, followed by 35 cycles of 1 min at 94°C, 1 min at 55°C, 2 min at 72°C, and 5 min at 72°C for the final extension. Amplified products were electrophoresed in 4.0% polyacrylamide gels and the banding patterns were visualized using silver staining as described by Panaud et al. (1996) .
Data analysis. The banding patterns produced by RAPD, RFLP and SSLP markers were scored and compared to evaluate the similarity between accessions. The proportion of common bands was used as a similarity index, and calculated according to the following formula:
where A ij and B ij are the numbers of total and common bands observed between ith and jth varieties (Nei and Li, 1979) . Genetic differentiation within and between taxa was evaluated based on their average similarity indices.
RESULTS
Banding patterns. Sixteen RAPD primers were used to amplify random sequences from the total DNA of 30 accessions in A-genome species. All the primers gave clear banding patterns, as shown in Fig. 1 . On the average, 6.33 bands per primer were obtained for one amplification and a total of 101.2 bands per accession were compared among 30 accessions. In RFLP and nuclear SSLP analyses, one or two bands were observed for each detection (Fig. 1) , and 34.5 and 26.5 bands per accession were obtained with 28 RFLP probes and 24 pairs of SSLP specific primers, respectively. For chloroplast SSLP analysis, single clear bands at all ten loci were detected with the primer pairs (Fig. 1) , and ten bands for each of the accessions were scored.
Variation within each taxon. Average percentages of common bands within each taxon are shown in Table 4 . Among all accessions, the average percentages of common bands were 78.0%, 66.0%, 10.0% and 67.4% for RAPD, RFLP, nuclear (nuc) SSLP and chloroplast (ct) SSLP analyses, respectively. These overall similarity values indicate the detectability of polymorphism with four kinds of molecular markers. Since the plant materials used in this study were mainly from two species, O. sativa and O. rufipogon, their intraspecific variation was also examined. Except for in ctSSLP analysis, the average percentages of common bands were higher within O. sativa than within O. rufipogon, and O. sativa Indica had a tendency to have greater intrasubspecific variation than either Japonica or Javanica.
Variation between cultivated and wild species. In order to clarify the phylogenetic relationships between cultivated and wild species, the average percentages of common bands between them were calculated ( (Oka and Chang, 1962; Morishima et al., 1963; Oka, 1988) .
Variation between O. sativa and O. rufipogon.
Among three types of O. sativa, Japonica and Javanica were previously referred to as Temperate-and TropicalInsular groups, respectively (Oka, 1958) . The average percentages of common bands between them are shown in Table 6 . Since high similarity was observed between O. sativa Japonica and Javanica, they were treated as one group for the comparison with wild species. O. rufipogon was divided based on geographical considerations into O. rufipogon from tropical Asia (7 accessions: As1-5, As11 and As12, in Table 1 ) and from China (5 accessions: As6-10, in Table 1 
DISCUSSION
Level of the polymorphisms detected by RAPD, RFLP and SSLP markers. Based on the percentages of common bands among A-genome species, nuclear SSLP markers showed much lower similarity values than the other three types of molecular markers examined here. Polymorphisms detected by RAPD and RFLP markers are mainly due to nucleotide sequence differences caused by base substitutions or insertions/deletions, whereas those detected by microsatellite markers are caused by variation in the number of repeat units. Since the expansion/ contraction of simple sequence repeats is a more frequent event than base substitution or insertion/deletion, microsatellite markers can detect more polymorphisms.
On the other hand, the level of polymorphism of chloroplast microsatellites was lower than that of nuclear microsatellites. This was probably due to the conservative nature of the chloroplast genome because of the high proportion of coding and regulatory regions and its uniparental transmission. Moreover, the mutation rate of simple sequence repeat length might also be affected by the number of nucleotides in the repeat motif and the number of perfect repeat units (Chakraborty et al., 1997; Cho et al., 2000) . Therefore, the proportion of chloroplast microsatellite bands common to accessions was higher than that of nuclear microsatellites; in fact, the proportions of common bands were similar for chloroplast microsatellites and for RAPD and RFLP markers. Phylogenetic dendrograms constructed for RAPD, RFLP and SSLP analyses. Phylogenetic relationships between cultivated and wild rice species were examined based on the percentages of common bands as shown in Tables 5 and 6 . In order to determine the overall genetic relationships among A-genome species, a dendrogram for each analysis was constructed by the UPGMA method (Sneath and Sokal, 1973) using the average percentages between species (Fig. 2) Doyle et al. (1998) reported that phylogenetic evaluation using limited chloroplast microsatellites does not always reflect the species relationships because of the size homoplasy which occurs in amplified bands with the same molecular weight containing different internal mutations. In this study, three microsatellites located in coding regions did not give any size variation in A-genome species, and the phylogenetic evaluation was carried out using the data on the other seven microsatellites. Therefore, the similarity values between species were easily affected by size homoplasy at one or two loci. This might be the reason why a different dendrogram pattern was derived from ctSSLP analysis.
Domestication of O. sativa.
The present results on the variation between O. sativa and O. rufipogon indicate the diphyletic origin of rice. Since strong similarity was observed between O. sativa Japonica/Javanica and O. rufipogon from China, the geographic origin of the Japonica/Javanica type appears to have been in China. This consideration is also supported by the oldest archaeological evidence of Japonica rice cultivation found along the Yangtze River in China (ca. 7,000 -8,000 years ago), pointing to China as the birthplace of Japonica cultivars (Sato, 1996) . As for Indica rice, slight similarity was observed with O. rufipogon from tropical Asia. No archaeological remains of Indica rice are available because of the humid tropical climate, which enhances the decomposition of organic substances. Based on ecological considerations, the places where Indica rice cultivation began were most likely in the flooded plains of large rivers, such as Mekong in Laos-Cambodia-Vietnam, Chaopraya in Thailand, Irawadhi in Myanmar, and Ganga-Bramaptra Rivers in India (Sato, 1996) . In this study, we used only seven accessions of O. rufipogon from four tropical Asian countries, i.e., India, Malaysia, Myanmar and Indonesia (Table 1) , and the information on this wild species is still limited. We may be able to determine the origin of Indica rice by analyzing more O. rufipogon accessions from tropical Asia in future studies.
